Enzyme-based biosensors are being used in an increasing number of clinical, environmental, agricultural, and biotechnological applications. 1 In order to achieve both high sensitivity and fast response time, the choice of the mediator species and immobilization of both enzyme and the electron mediator are certainly important. By choosing a suitable polymer as the immobilization matrix, one can exclude a variety of electroactive compounds which have oxidation potentials and act as interferents, particularly uric acid and Lascorbic acid. This characteristic of electropolymerization as a method of enzyme immobilization is of particular importance if the biosensor is to be used in vivo, as it provides increased sensitivity of the device during operation.
Enzyme-based biosensors are being used in an increasing number of clinical, environmental, agricultural, and biotechnological applications. 1 In order to achieve both high sensitivity and fast response time, the choice of the mediator species and immobilization of both enzyme and the electron mediator are certainly important. By choosing a suitable polymer as the immobilization matrix, one can exclude a variety of electroactive compounds which have oxidation potentials and act as interferents, particularly uric acid and Lascorbic acid. This characteristic of electropolymerization as a method of enzyme immobilization is of particular importance if the biosensor is to be used in vivo, as it provides increased sensitivity of the device during operation.
Conducting polymers, such as poly(pyrrole) and poly(aniline), have been used as new materials for the immobilization of an enzyme. This is due to the fact that they have a high conductivity and stability in air and aqueous solutions, and the enzyme was immobilized directly into the conducting polymer to form a biosenor without using any agent. These factors play an important role in the stability of the immobilized enzyme and in the response time of a biosensor. Therefore, conducting polymers are promising support materials for the immobilization of an enzyme; they have been reviewed extensively. 2, 3 The rate of conducting polymer deposition can be controlled by both the size and the duration of the potential applied during electropolymerization, such that it is possible to vary the film thickness and hence the amount of an enzyme at the sensor surface. It has been recently demonstrated that glucose oxidase (GOx) can be easily incorporated into conducting polymers such as poly(pyrrole) [4] [5] [6] [7] [8] [9] [10] and poly(aniline) 11, 12 by the electropolymerization in the presence of GOx. Yoneyama et al. have demonstrated that poly(pyrrole) films containing both GOx and an electron mediator such as ferrocenecarboxylate 13 or hydroquinonesulfonate 14 possess reasonable amperometric sensitivities to glucose.
Recently, entrapment of an enzyme within non-conducting polymer films has also been shown to confer a degree of permselectivity at the sensor surface. [15] [16] [17] [18] The growth of a non-conducting polymer is self-limiting, and consequently the films tend to be very thin (10 -100 nm), generally resulting in fast diffusion of substrates and products to and from the enzyme. As well as incorporating relatively high amounts of an enzyme, it has been shown that these films are able to reject interferents and hence can improve selectivity. The electropolymerization of phenol differs from the polymerization of pyrrole in that the resulting films are insulating. These films are produced by ortho or para coupling of phenolate radicals generated at the electrode surface allowing deposition of poly(phenylene oxide) films on the electrode. The films are generally continu-ous, hydrophobic and free from defects such as pinholes 19 , and they have been used as corrosion protectors 20 , and as permselective films. [21] [22] [23] In this research, the amperometric glucose sensors were fabricated by immobilizing GOx into the electropolymerized non-conducting films of phenol derivatives on a carbon paste electrode containing ferrocene as an electron transfer mediator. The electropolymerization of the five phenol derivatives (phenol, 3-aminophenol, 3-methylphenol, 3-nitrophenol, 1,3-dihydroxybenzene) was examined in order to determine the most suitable polymer film for the immobilization of GOx and for being free from interferents.
Experimental

Reagents
The enzyme glucose oxidase (GOx) from Aspergillus niger (EC 1.1.3.4, 25 units per mg of solid, type II) was obtained from Sigma Chemical Co. Phenol, 3-methylphenol, 3-nitrophenol, 1,3-dihydroxybenzene, aniline, β -D-glucose, and ferrocene of reagent grade were obtained from Wako Pure Chemicals, Co., Ltd. and were used without further purification. 3-Aminophenol obtained from Wako Pure Chemicals, Co., Ltd. was recrystallized from water twice and dried under vacuum. Carbon powder and paraffin liquid were obtained from Aldrich Chemical Company, Inc. and E. Merck Co., respectively.
A stock 1 mol dm -3 solution of glucose, prepared freshly every 2 weeks, was left for at least 24 h at room temperature to allow equilibration of the anomers, and then stored at 4˚C. All solutions were prepared with Millipore "Milli Q" grade water and were kept refrigerated when not in use.
Apparatus
Amperometric measurements, electropolymerizations, and cyclic voltammetry were conducted with a Yanaco polarographic analyzer P-1100 and currents were measured with a Graphtec x-y(-t) recorder WX 2400. A conventional three-electrode cell was used for all electrochemical experiments. The electrode assembly consisting of a Fc,CP/GOx/Polymer was used as a working electrode, and a spiral Pt wire and an Ag/AgCl in 3 mol dm -3 NaCl were used as counter electrode and a reference electrode, respectively. The working electrode body (3 mm inner diameter, 4 mm deep) and the reference electrode were obtained from Bioanalytical System Inc.
Preparation of glucose sensors
Ferrocene (Fc, 8 mg) was mixed with 1 g of carbon powder; 0.47 g of paraffin liquid was then added and mixed using an agate mortar and pestle. The carbon paste containing Fc thus obtained was placed in a hole at the end of an electrode body, and smoothed using a piece of waxed paper on the glass plate (abbreviated hereafter as Fc,CP electrode 
Measurements
Cyclic voltammetric measurements were carried out in 0.5 mol dm -3 deaerated NaCl solution containing 0.1 mol dm -3 phosphate buffer (pH 7.0). Amperometric responses of the fabricated glucose sensors to glucose were measured by stepwise injections of aliquots of the glucose stock solution with Hamilton microliter ® syringes into 0.01 dm 3 of 0.5 mol dm -3 NaCl solution containing 0.1 mol dm -3 phosphate buffer (pH 7.0) with stirring in which the glucose sensors were polarized at given potentials, and the resulting oxidation currents were monitored. All measurements were carried out at 25.0 ± 0.1˚C. deposition of a film of poly(phenylene oxide) (PPO) on Fc,CP electrode in 0.1 mol dm -3 phosphate buffer (pH 7.0) containing 25 mmol dm -3 phenol and 2.5×10 5 units dm -3 GOx. The linear sweep of the potential was cycled twice between 0.20 and 1.00 V. This glucose sensor will be denoted here as Fc,CP/GOx/PPO. On the first cycle, there were two anodic peaks corresponded to the oxidation of ferrocene and phenol at around 0.35 and 0.60 V, respectively. On the successive second cycle, however, the peak currents disappeared, indicating that the oxidation of phenol may produce a compact and insulating film of PPO substantially free from pinholes at the Fc,CP electrode surface. The electrooxidation processes of peaks P a 1 and P a 2 are shown in the following schemes:
Results and Discussion
Immobilization of GOx on Fc,CP electrode
Bartlett et al. 16 reported that electrochemical polymerization of phenol at a platinum electrode surface gave a very thin layer film with a thickness of 38 nm (phenol concentration: 25 mmol dm -3 , sweep range: 0 -0.95 V vs. SCE). They immobilized the enzyme GOx into the PPO film by repetitive potential cycling in an aqueous solution of phenol and GOx. The glucose sensor was polarized at 0.90 V vs. SCE to detect hydrogen peroxide, giving a response time shorter than 4 s. Analysis of the results for GOx immobilized in films prepared by electrochemical oxidation of five phenol derivatives (phenol, 3-nitrophenol, Pyrogallol, 4-hydroxybenzenesulfonic acid, and Bromophenol Blue) suggested that the PPO films containing GOx possessed the highest sensitivites to glucose. The researchers consequently concluded that the PPO film was the most promising for the fabrication of glucose sensors. The thickness of the PPO film for Fc,CP/GOx/PPO may be approximately the same as that for a platinum modified electrode with a PPO film above, although the electrode substrate is different. Malitesta et al. 15 and Sasso et al. 24 used electropolymerized films of 1,2-diaminobenzene prepared in the neutral aqueous solution to prevent interferents and fouling and to stabilize immobilized GOx in an electrochemical glucose sensor. The enzyme GOx was immobilized in a strongly adherent, highly reproducible thin film, whose thickness was around 10 nm. 15 Therefore, a very thin, stable, and strongly adherent film with the permselectivity character can be available for the fabrication of glucose sensors, and can reduce the response time and interference by the electroactive species in the sample solution. The amperometric glucose sensors fabricated by the electropolymerization of phenol and its derivatives on a carbon paste electrode containing ferrocene thus may be used as reagentless glucose sensors.
Oxygen has most commonly been used as the mediator since it is a natural electron acceptor for GOx. In this case, hydrogen peroxide is produced, and it greatly deactivates GOx. 25, 26 Furthermore, in order to oxidize hydrogen peroxide, anodic potentials high enough to cause oxidative decomposition of the electroactive species that are present in many biological analytes are required. The microelectrodes fabricated by Bartlett et al. 17 have been used dissolved oxygen as a mediator; they were polarized at 0.90 V vs. SCE to detect hydrogen peroxide. Althought it was clear that the PPO film had a significant effect on the currents measured for uric acid and L-ascorbic acid when compared with the bare platimum electrode, the suppression of the responses to these interferents was still not sufficient. In addition, the response to glucose was influenced by the concentration of dissolved oxygen in the sample solution. From the viewpoint of solving these problems, one should use redox species that have low redox potentials as the electron transfer mediators. The most successful mediators are ferrocene and its derivatives 27 or quinone. [28] [29] [30] In this study, the reduction of the applied potential for the electrode and the responses to the interferents by the use of ferrocene as an electron transfer mediator was carried out (see Figs. 2, 3, 7 and Table 2 ). Figure 2 illustrates the cyclic voltammograms of the 1071 ANALYTICAL SCIENCES DECEMBER 1998, VOL. 14 Fc,CP/GOx/PPO for the first cycle taken in deaerated 0.5 mol dm -3 NaCl solution containing 0.1 mol dm -3 phosphate buffer (pH 7.0) in the absence (dashed line) and presence (solid line) of 50 mmol dm -3 glucose. The cyclic voltammogram for the absence of glucose showed the large redox peak separation and the sharpening of the anodic peak. This phenomenon is similar to that reported in previous papers [31] [32] [33] [34] [35] for other redox polymer films and is attributed to the resistance of the compact non-conducting polymer film resulting from the slow movement of counterions into the polymer film. When glucose was added to the electrolyte solution, the anodic peak current increased at more positive potentials than 0.20 V and the cathodic peak current decreased significantly, indicating that ferrocene molecules dispersed in carbon paste worked very well as an electron transfer mediator between the electrode substrate and the redox center of GOx, flavine adenine dinucleotide(FAD). GOx was consequently immobilized in the electropolymerized non-conducting film of phenol, and this sensor responded to glucose without adding any other electron transfer mediator to the sample solution. When the Fc,CP/GOx/PPO electrode was polarized at 0.40 V vs. Ag/AgCl and then a glucose stock solution was injected into deaerated 0.5 mol dm -3 NaCl solution containing 0.1 mol dm -3 phosphate buffer (pH 7.0) under stirring, a gradual increase in the oxidation current was observed. The oxidation curent reached a stable steady-state value within 5 s. Figure 3 shows the dependence of the steady-state currents on polarized potentials obtained in electrolyte solutions containing 1, 5, and 20 mmol dm -3 glucose at the Fc,CP/GOx/PPO electrode. As can be seen in Fig.  3 , the steady-state currents became nearly constant at potentials in the range of 0.35 to 0.55 V vs. Ag/AgCl. However, the steady-state currents at 0.60 V decreased. This fact may be attributable to an unusual catalytic wave, as shown in Fig. 2 . According to the theory of Calvo et al. 36 , the half-wave potential must be consistent with the standard electrode potential of the electron transfer mediator if the immobilized layer is so thin as to develop no significant concentration gradient of all species in the layer, this theory is in disagreement with the result obtained at the Fc,CP/GOx/PPO electrode. Therefore, we suggest that the diffusional processes in the electropolymerized non-conducting film of phenol affect the kinetics of electrochemical oxidation of glucose. The diffusion of electrons by hopping between FAD and FADH 2 in PPO and/or Fc + in carbon paste and FADH 2 in PPO would have a principal effect on the reaction kinetics.
Electrochemical oxidation of glucose on Fc,CP/ GOx/Polymer
The steady-state anodic currents at 0.40 V were plotted in Fig ∆i ss =∆i max -K M app (∆i ss /c)
where ∆i ss is the steady-state current, ∆i max is the maximum current under stationary substrate conditions, K M app is the apparent Michaelis constant (which can differ significantly from that measured in homogeneous solution and is not an intrinsic property of the enzyme but of the system), and c is the concentration of glucose in solution. In accordance with Eq. (3), plots of ∆i ss against ∆i ss /c from data of Fig. 4 were found to show linear relationships for all cases. The apparent Michaelis constant K M app and the maximum current ∆i max could be determined from the slope and the intercept, respectively. Table 1 shows K M app and ∆i max of various glucose sensors. As can be seen from the table, 3-aminophenol was found to be the most suitable. Figure 5 shows the relationship between ∆i max and the substituent constant σ m . The maximum current ∆i max decreased linearly with increasing σ m , except for 3-aminophenol, which was prepared by potential cycling between 0.20 and 1.40 V. However, if the glucose sensor was fabricated using 3-aminophenol by potential cycling between 0.20 and 1.00 V, the obtained plot of ∆i max and σ m accorded with the linear relation. Then the deviation from linearity in the case of 3-aminophenol may be attributed to the following reason. When phenol was used as a monomer, on the first cycle there was an anodic peak at around 0.55 V, which was suppressed on the second cycle (Fig. 6(B) ). This corresponded to the oxidation of phenol to produce an insulating film of poly(phenylene oxide) at the electrode surface. 16 Similar results were obtained for 3-methylphenol, 3-nitrophenol, and 1,3-dihydroxybenzene, which were prepared by potential cycling between 0.20 and 1.40 V, and 3-aminophenol, which was prepared by potential cycling between 0.20 and 1.00 V, although somewhat different peak potentials for the oxidation of these phenol derivatives were observed. In addition, the peak currents for the oxidation of phenol derivatives were approximately constant. This fact indicates that the thickness of the electropolymerized films onto carbon paste surfaces may be nearly constant. The maximum current ∆i max can be expressed by Eq. (4). 30 1073 ANALYTICAL SCIENCES DECEMBER 1998, VOL. 14 ∆i max =nFAk 0 ′(E)
where n is the number of electrons; F is the Faraday constant; A is the electrode surface area; k 0 ′ is the apparent maximum turnover number of the enzyme reaction; and (E) is the surface concentration (mol cm -2 of the active enzyme immobilized in the polymer film. Therefore, we suggest that the amount of immobilized GOx in the polymer film decreases with increasing σ m (Fig. 5) . On the other hand, in the case of 3-aminophenol, there were two anodic peaks at around 0.45 and 1.10 V on the first cycle which were suppressed on the second cycle (Fig. 6(A) ), suggesting that both hydroxyl and amino groups participate in the electropolymerization. Consequently, the amount of immobilized GOx within the polymerized film of 3-aminophenol may be larger than that of other phenol derivative, resulting in greater sensitivity to glucose. In order to fabricate more satisfactory glucose sensors, we examined the effect of the sweep range and the number of sweeps for the electropolymerization of 3-aminophenol on ∆i max and K M app . The most satisfactory conditions are as follows: for the fabrication of Fc,CP/GOx/PAPO, where PAPO represents the electropolymerized film of 3-aminophenol, the linear sweep of the potential was cycled 10 times between 0.20 and 1.40 V at 5 mV s -1 . Figure 7 shows the steady-state glucose response curves obtained at 0.40 V for Fc,CP/GOx/PAPO in electrolyte solutions saturated with N 2 (closed circle)
Biosensing of glucose on Fc,CP/GOx/PAPO
and air (open circle), respectively. In both cases, the response currents linearly increased with increasing the concentration of glucose of 0.2 to 3 mmol dm -3 , and then up to 29 mmol dm -3 the response currents gradually deviated from linearity. When oxygen is dissolved in the solution, both Fc and hydrogen peroxide must be competitively produced in the regeneration of FAD from FADH 2 as described by Eqs. (6) and (7).
As a result, the response currents became smaller than those in the deaerated solution since hydrogen peroxide is not oxidized at 0.40 V. The percentage of suppression of the response currents became small with increasing the concentration of glucose. This behavior has been explained as the following. 38 The phosphate buffer solution (pH 7.0) saturated with air contains ca. 0.3 mmol dm -3 oxygen 39 , which is not large enough to give the maximum reaction rate of glucose oxidation since this value is less than the Michaelis constant of ca. 0.5 mmol dm -3 obtained for the reduction of oxygen to hydrogen peroxide by dissolved GOx. 40 If the concentration of glucose is increased under such the conditions, the supply of oxygen should become the ratedetermining step of the glucose oxidation catalyzed by GOx. Since the reaction rate determined by the supply of oxygen is lower than the rate of the regeneration reaction of GOx with the oxidized mediator, a relatively small suppression of the response currents appears on introducing air into the sample solution.
The stabilities of three glucose sensors, which were fabricated under different conditions, were examined; the determination of 5 mmol dm -3 glucose was carried out once a day. All the glucose sensors were stored in 0.1 mol dm -3 phosphate buffer (pH 7.0) at 4˚C when not in use. Figure 8 shows the changes in the response currents of three glucose sensors with time. The response currents of Fc,CP/GOx/PAPO, which was fabricated by potential cycling between 0.20 and 1.40 V for the electropolymerization of 3-aminophenol, exhibited almost the same responses within a period of 40 d. This indicates that the PAPO film can prevent GOx from leaching and can also partly reject the access of glucose to immobilized GOx. On the other hand, the response currents of Fc,CP/GOx/PAPO(S) and Fc,CP/GOx/PANI, which were fabricated by cycling between 0.20 and 1.00 V for the electropolymerization of 3-aminophenol and the potentiostatic growth of 0.1 mol dm -3 aniline at 1.24 V for 30 s 11 , respectively, decreased gradually to 85% for Fc,CP/GOx/PAPO(S) and 55% for Fc,CP/GOx/PANI of the original level after storage for 40 d. This fact indicates that GOx incorporated in the electropolymerized film of 3- aminophenol prepared by cycling between 0.20 and 1.40 V does not tend to lose activity, owing to deactivation, after a relative short period of time. Such a satisfactory result may be attributed to the participation of both hydroxyl and amino groups in 3-aminophenol for the electropolymerization.
The permselective PAPO film may minimize contributions from easily oxidizable species which commonly interfere in the biosensing of glucose. The response of Fc,CP/GOx/PAPO was checked using two compounds at maximum physiological concentrations, uric acid and L-ascorbic acid, commonly found in biological fluids. Table 2 shows the effect of two compounds on the steady-state response currents of 5 mmol dm -3 glucose at different applied potentials. It has previously been shown that the interference by uric acid L-ascorbic acid is reduced at amperometric sensors fabricated with enzymes entrapped in a variety of non-conducting films including the electropolymerized phenols and 1,2-phenylenediamine [15] [16] [17] [18] and the over-oxidized poly(pyrrole). 41 The finding in these papers was confirmed by our data ( Table 2 ), indicating that uric acid little response at 0.30 or 0.40 V, that is, the steady-state response current of 5 mmol dm -3 glucose was slightly affected by the coexistence of 0.48 mmol dm -3 uric acid. On the other hand, although L-ascorbic acid gave no response at a glassy carbon electrode coated with a PAPO film as shown in Fig. 9 , the response of Fc,CP/GOx/PAPO for 5 mmol dm L-ascorbic acid was 12% higher than that in the absence of L-ascorbic acid at 0.30 or 0.40 V. As the growth of the electropolymerized film of 3-aminophenol is selflimiting, the PAPO film should tend to be very thin. In addition, the PAPO film may be continuous, hydrophobic and free from defects such as pinholes. 19 Consequently, uric acid and L-ascorbic acid could not penetrate the PAPO film and gave no response at a glassy carbon electrode coated with the PAPO film (Fig. 9 ). As shown in Table 2 , however, uric acid and L-ascorbic acid somewhat affected the response of glucose at Fc,CP/GOx/PAPO. So GOx immobilized in the PAPO film contributes to make the film surface rough because of an enormous molecular size of 8.6 nm diameter 42 , as a result of this behavior uric acid and L-ascorbic acid may partly penetrate the PAPO film immobilized GOx. 
